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A B S T R A C T

Purpose: ATLAS is a cross-sectional study aiming to investigate environmental and genetic determinants of athletic
performance in healthy Greek competitive athletes (CA). This article presents the study design, investigates the
muscle strength performance (MSP) of 289 adult and teenage CA, exercisers, and physically inactive individuals
(PI), and proposes predictive models of MSP for adults.
Methods: Muscle maximal, speed, and explosive strength (MMS/MSS/MES) at unilateral maximal concentric
flexion and extension contraction (FC/EC) were evaluated using Biodex System 3 PRO™ at 60 �/s, 180 �/s, and
300 �/s, while additional performance markers were assessed through field ergometric testing. Participants were
interviewed about their lifestyle, dietary habits, physical activity, injury, and medical history. Body composition
was assessed via bioelectrical impedance. gDNA was extracted from biochemical samples and then genotyped.
Statistical analysis was conducted using IBM SPSS Statistics v21.0 and R.
Results: Age, fitness, and sex impacted correlations of MSP with body composition and anthropometric mea-
surements (p < 0.05). Among CA, females outperformed males in accuracy (p < 0.001) while, males outperformed
females in anaerobic power, MSP, speed, and endurance (p < 0.001). Adult CA outperformed exercisers and PI in
MMS, MSS, and MES (p < 0.05). Multiple linear regression models, with predictors age, FFM, body extremity,
training load explained the majority of variation in MMS (R2

adj:71.4%–88.9%), MSS (R2
adj:64.8%–78.4 %), and

MES (R2
adj:52.7%–68.4 %) at EC, FC, and their mean (p < 0.001).

Conclusions: Muscle-strengthening strategies should be customized according to individual fitness levels, body
composition, and anthropometric measurements. The innovative sex-specific regression models assessing MMS,
MSS, and MES at EC and FC provide a framework for personalizing rehabilitation and skill-specific training
strategies.
List of abbreviations
AP
 Athletic performance
 Mean
MMS
a
a
v

2

is
/l
Mean of peak torque at
flexion and extension
contraction for MMS
R2
adj
 Adjusted R-squared
 Mean

MSS

Mean of peak torque at
flexion and extension
contraction for MSS
abj
 Adjusted
 Mean of
PT at FEC
(continued on next column)
nd Dietetics, School of Health S
nd Dietetics, School of Health S
@gmail.com (N.A. Pogosova), d

October 2024; Accepted 1 Nov

hing services by Elsevier B.V. on
icenses/by-nc-nd/4.0/).
(continued )

List of abbreviations
ciences and Education, Harokopio University of Athe
ciences and Education, Harokopio University of Athe
edousi@hua.gr (G.V. Dedoussis).

ember 2024

behalf of KeAi Communications Co. Ltd. This is an op
Mean of peak torque values
at flexion and extension
contraction
β
 Beta-value
 Med
 Median

BF
 Body fat
 MET
 Metabolic equivalent of

task

BF%
 Percentage of the body mass

that is fat

MET-
min/
week
Total metabolic equivalent
of task, calculated as
minutes per week
(continued on next page)
ns, 17671, Athens, Greece.
ns, 17671, Athens, Greece.

en access article under the

mailto:dp4522024@hua.gr
mailto:nadia.pgsv@gmail.com
mailto:dedousi@hua.gr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.smhs.2024.11.002&domain=pdf
www.sciencedirect.com/science/journal/26663376
www.keaipublishing.com/smhs
https://doi.org/10.1016/j.smhs.2024.11.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.smhs.2024.11.002
https://doi.org/10.1016/j.smhs.2024.11.002


N.A. Pogosova et al. Sports Medicine and Health Science 8 (2026) 79–95
(continued )

List of abbreviations
BIA
 Bioelectrical impedance
analysis
MES
 Muscle explosive strength
BM
 Body mass
 min/
week
Minutes per week
BMI
 Body mass index
 mmHG
 Millimeters of mercury

BMR
 Basal metabolic rate
 MMS
 Muscle maximal strength

BP
 Blood pressure
 MSP
 Muscle strength

performance

CA
 Competitive athletes
 20MSR
 20-m shuttle run test

cm
 Centimeter
 Mod
 Model

Con
 Concentric
 MSS
 Muscle speed strength

CPC
 Center of perception

cognition

MUAC
 Mid-upper arm

circumference

d
 Day
 N
 Total sample size

DBP
 Diastolic blood pressure
 n
 Number of participants

DEE
 Daily energy expenditure
 NCA
 Non-competitive athletes

EC
 Extension contraction
 Ns
 Non-significant

EI
 Energy intake
 N⋅m
 Newton-meters

Eq
 Equation
 p
 p-value

IPAQ
 International Physical

Activity Questionnaire

PA
 Physical activity
IPAQ-
GR
International Physical
Activity Questionnaire for
the Greek population
PAL
 Physical activity level
FC
 Flexion contraction
 PI
 Physically inactive
individuals
FEC
 Flexion and extension
contraction
PT
 Peak torque
FFM
 Fat-free mass
 RMR
 Resting metabolic rate

FFM%
 Percentage of body mass that

is fat-free

SE
 Standard error
FFMI
 Fat-free mass index
 s
 Second

FFQ
 Food frequency

questionnaire

SD
 Standard deviations
gDNA
 Genomic DNA
 SBP
 Systolic blood pressure

HC
 Hip circumference
 TBW
 Total body water

IOC
 International Olympic

Committee

VАΤ
 Visceral adipose tissue
IOTF
 International Obesity Task
Force
WC
 Waist circumference
IQR
 Interquartile range
 WHR
 Waist-to-hip ration

kcal
 Kilocalories
 WHO
 World Health Organization

kg
 Kilogram
 y
 Year

m
 Meter
 zBMI
 z-score body mass index

Mean
MES
Mean of peak torque at
flexion and extension
contraction for MES
1. Introduction

Optimizing human performance involves a holistic approach that
considers both extrinsic factors, such as training load, nutrition, and
lifestyle, as well as intrinsic factors, such as individual characteristics.1,2

Specifically, physiological attributes like body composition, muscle fiber
composition, neurophysiology, and biochemistry—shaped by age, sex,
and genetic predisposition—can explain variations in aerobic and
anaerobic capacity, injury tendency, trainability, and natural talent.2–4

Prioritizing muscle mass is crucial for physical function and overall
health, and its preservation and growth are positively related to greater
muscle strength performance (MSP).5 Muscle strength can be categorized
into different types: muscle maximal strength (MMS), muscle speed
strength (MSS), and muscle explosive strength (MES). Each type,
generated during flexion contraction (FC) and extension contractions
(EC), is essential for sport-specific skills, such as jumping, sprinting, and
rapid direction changes.4,6 Resistance training enhances muscle strength,
which in turn reduces injury risk and improves force generation,
force-time characteristics, and strength-power potentiation.4,7 An
imbalance in muscle mass can signal reduced athletic capabilities,
increased injury risk, and health conditions like sarcopenia and
malnutrition.8–10 Therefore, assessing muscle strength is crucial in both
80
athletic and clinical settings, contributing to the individualization of
rehabilitation and muscle-strengthening strategies.7,9–11

Over time, various regression models have been proposed for muscle
strength assessment due to their practicality.5,10,12–14 However, several
areas remain underexplored. For instance, many studies concentrate on
specific age groups (e.g., elderly10 or young adults14) and characteristics
(e.g., low physical activity [PA]5,10,12,13), often neglecting other de-
mographics such as middle-aged adults, mostly due to difficulties in their
requirements. Additionally, existing regression models for muscle
strength assessment have predominantly been developed and validated
within specific ethnic groups.5,10,12,14 Ethnicity can influence anatomical
characteristics and muscle strength performance due to genetic, cultural,
and lifestyle differences, potentially limiting the applicability of muscle
strength models across diverse populations.15 Moreover, while studies
often include sex as a variable in their models, developing sex-specific
models could further minimize sex-related bias in statistical anal-
ysis.13,16 Further, most models rely on static measurements of muscle
strength.5,14,17 Instead, incorporating dynamic assessments that measure
muscle function during movement could provide more relevant data.12,13

Additionally, some proposed models have prioritized anthropometric
variables, such as circumferences and height,5,13,18 with fewer attempts
incorporating potentially more influential factors like fat-freemass (FFM)
and physical activity levels (PAL).10,12 Integrating these factors could
improve the accuracy and explanatory power of the models, as they have
a greater impact on muscle strength.1,4,6,19,20

In this context, the overall aim of the ATLAS study is to examine the
interaction of genetic and lifestyle factors with athletic performance (AP)
in competitive athletes (CA) and non-competitive athletes (NCA) of
Greek origin. The present paper focuses on 1) presenting the ATLAS study
in terms of design and descriptives, such as anthropometric measure-
ments, body composition, injury history, PA and AP markers, 2) exam-
ining the relationship between body composition, anthropometric
measurements, and injury history with MSP, by sex, developmental
stage, and fitness status and 3) developing sex-specific predictive models
for MMS, MSS, and MES assessment during EC and FC.

2. Materials and methods

2.1. Experimental design

The ATLAS cross-sectional study aims to investigate the environ-
mental and genetic determinants of AP in Greek adults and adolescent CA
and NCA. Volunteer characteristics, recruitment selection, and assess-
ments are presented in Fig. 1. To facilitate robust analytical outcomes,
participants were stratified by sex, age, injury incident, and fitness status.
The present paper doesn't focus on the relationship between AP and
genetics, or dietary habits.

2.2. Ethical approval

The study was conducted following the guidelines of the Declaration
of Helsinki and received approval from the Research Ethics Committee of
Harokopio University of Athens (Protocol numbers: 42/28-05-2014,
Γ-3347/20-07-2021, Γ-1173/15-03-2022). All participants were thor-
oughly informed about the study procedures orally and provided their
informed consent by signing the consent form before participating.

2.3. Criteria for classification in fitness groups

To understand and analyze PA habits and distinguish professionals
from recreational athletes and exercisers, as well as exercisers from those
with low PAL, participants were categorized into three fitness status
groups—CA, exercisers, and physically inactive individuals (PI)—based
on the classification algorithm proposed byMcKinney et al. The CA group
was composed of individuals exercising at moderate (3.1–6 total meta-
bolic equivalent of task, calculated as minutes per week [MET-min/



Fig. 1. Flowchart illustrating the volunteer recruitment process, inclusion and exclusion criteria, and the final categorization of participants into groups, along with
the comprehensive assessments performed on the final sample. Abbreviations: BMI: body mass index; m: meter: kg: kilogram; n: number of participants.
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week]) to vigorous (> 6 MET-min/week) intensity for 6 h or more per
week, aiming to improve their AP and engage in official competitions.
The exercisers group consisted of individuals exercising at moderate to
vigorous intensity for less than 6 h per week, aiming to maintain health
and fitness or for pleasure, occasionally participating in recreational
tournaments. The PI group included individuals engaging in any PA for
less than 2 h per week, not meeting the minimum recommended levels of
low-intensity exercise (< 3 MET-min/week).21
2.4. Physical activity assessment

Daily PAL was assessed using the short form of the International
Physical Activity Questionnaire for the Greek population (IPAQ-GR) and
data were analyzed according to International Physical Activity Ques-
tionnaire (IPAQ) guidelines. The training load of the participants was
calculated based on the volume, intensity, frequency, and type of phys-
ical exercise as outlined in their weekly training and/or competition
plan. Exercise intensity was quantified as MET-min/week, according to
MET values from the compendium of PA. The work metabolic rate was
estimated based on individuals' 24-h energy expenditure. The 24-h PAL
was calculated by dividing daily energy expenditure (DEE) by resting
81
metabolic rate (RMR),22 using the equation (Eq. (1)):

PAL¼DEE � RMR

RMR was determined using the Schofield equations for men and
women, and DEE23 was calculated using Eq. (2):

DEE¼
PðMET � Activity durationÞ �Weight

60

MET: represents the energy cost of activities, from sleep/rest with
MET ¼ 0.9 to running at 12 mph with MET ¼ 19.0.

Activity duration: represents the time spent on each activity, in
minutes.

Weight: represents the individual's weight in kilograms.

2.5. Anthropometry

For anthropometric measurement, height was measured to the near-
est 0.5 cm using a portable stadiometer (Seca 700). Waist, hip, and mid-
upper arm circumferences (WC, HC, MUAC, respectively) were measured
with non-extensible soft tape. Body composition, including total body
mass (BM), body fat (BF), percentage of the body mass that is fat (BF%),
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FFM, percentage of body mass that is fat-free (FFM%), visceral adipose
tissue (VAT), basal metabolic rate (BMR), and total body water (TBW),
was assessed using bioelectrical impedance analysis (BIA) via a Tanita
appliance (BC-418MA), accurate to the nearest 0.1 kg. During measure-
ments, subjects were barefoot, had removedmetal objects, and wore light
clothing (0.3 kg deducted).

2.6. Dietary habit assessment

Dietary habits were assessed by a semi-quantitative food frequency
questionnaire (FFQ), three 24-h dietary recalls, and an eating behavior
questionnaire. Portion sizes were evaluated with the help of images and
standardized measurements.

2.6.1. Food frequency questionnaire
The food frequency questionnair (FFQ) reporting 172 items

consumed over the last year was used to evaluate dietary habits.24 Par-
ticipants reported the frequency of food and beverage consumption using
images and servings to describe portion sizes. The standardized serving
size per food item was multiplied by the reported frequency (never, 1–3
times/month, 1–2 times/week, 3–4 times/week, 5–6 times/week, and 1
time/d) to calculate the daily consumption.25 Regularly consumed meals
not mentioned in the FFQ were also recorded. The FFQ was completed
either through an interview conducted by the dietitian or by
self-reporting under the dietitian's supervision.

2.6.2. 24-h dietary recall and eating behavior questionnaire
Dietary intake was assessed with three representative 24-h dietary

recalls—one for a weekday involving training sessions, one without, and
one for a weekend day.26 Participants were asked to describe their con-
sumption of food, beverages, water, alcohol, and any supplementation or
drug intake during the previous 24 h, using standardized measurements
for accuracy. The first recall was obtained on the examination day, and
the second and third through telephone contact within 3–10 days via
interview with a trained dietitian. Eating behavior was assessed using a
self-reported questionnaire administered under the supervision of a
trained dietitian.26

2.7. Clinical evaluation

Overall health profile was assessed throughmedical and family health
history and blood pressure (BP) measurements. Family and medical
history were obtained through self-reported interviews, including cur-
rent or past family disease status and medication intake information.
Hypertension was assessed via BP measurements using a digital auto-
matic blood pressure monitor (Omron M6 [HEM-7001E]), and the
measurements were evaluated according to the 2020 International So-
ciety of Hypertension Global Hypertension Practice Guidelines.

2.8. Injury history assessment

An ad hoc questionnaire was used to assess self-reported injury his-
tory, administered during an interview with a trained professional. A
small proportion of participants was interviewed through telephone
contact. The classification of injuries by type and severity was conducted
according to the system outlined in the consensus statement of the In-
ternational Olympic Committee (IOC). Injury incidents, caused during
athletic or non-athletic events by contact or non-contact with another
object or person, were recorded. Injuries were categorized as overall
injuries, and those affecting body extremities assessed using isokinetic
dynamometry. For each injury, the nature, year of onset, body location,
method, and duration of recovery were documented. Injuries were
categorized as minor if recovery lasted 1–7 days, moderate if it lasted
8–28 days, and serious if it lasted more than 28 days and up to 6 months.
Recovery duration was counted in days starting from the day of the injury
incident up to individuals returning to their usual daily or training
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activities. Recovery time was calculated as weighted recovery time,
considering the total number of injuries, their severity, and the duration
of each recovery.
2.9. Athletic performance markers evaluation

During the ergometric evaluation, volunteers had no prior training in
isokinetic dynamometry and were free from injuries or health conditions
that could affect their performance. To ensure optimal results, partici-
pants abstained from ergogenic aids, alcoholic beverages, and intense PA
for 24 h before the test. Additionally, participants fasted for 4 h and wore
appropriate sports attire during the assessments. To evaluate AP markers,
CA completed both field and laboratory ergometric testing, while NCA
underwent only laboratory testing to ensure standardized conditions and
minimize variability in the testing environment.

2.9.1. Field ergometric testing
AP markers—endurance, anaerobic power, speed, and accu-

racy—were evaluated using field ergometric tests tailored to each sport,
as detailed in Table 1. Field sports athletes performed their tests on a 400
m track and field stadium with six lanes, while water sports athletes used
a 50 m swimming pool maintained at a stable temperature of 26 �C. All
athletes completed a 30-min sport-specific warm-up: jogging and dy-
namic stretches for field sports, and freestyle swimming along with pool
exercises for water sports. The tests included adequate rest periods to
allow for heart rate normalization. Verbal instructions were provided to
ensure consistent testing conditions.

2.9.2. Laboratory ergometric testing

2.9.2.1. a isokinetic dynamometer - measurement protocols. To assess
different types of muscular strength, participants were subjected to lab-
oratory ergometric testing with an isokinetic dynamometer, Biodex
System 3 PRO ™ (Biodex Medical Systems, Inc, Shirley, NY),27 system-
atically calibrated throughout the study according to manufacturer
instructions.

The protocol for each sport was selected by our research team based
on the specific nature of the sport (see Table 1). The dominant limb was
tested, as it contributes to a greater generation of MSP.28 To determine
limb dominance, CA were asked to indicate the extremity used to
perform their primary significant sport-specific task28 (e.g., kicking a
ball, executing a serve, performing a kick, ball throwing, sculling upside
down), while NCA were asked to indicate the extremity used to write or
kick a ball.29 Following maximal concentric unilateral isokinetic pro-
tocols, MMS was assessed at 60 �/s (first set, 5 repetitions), MSS was
assessed at 180 �/s (second set, 5 repetitions), and MES was assessed at
300 �/s (third set, 5 repetitions). For the interpretation of maximal effort,
for MMS, MSS, and MES at FC and EC, peak torque (PT) in
Newton-meters (N⋅m) was used, representing joint axis motion at the
greatest force point.30 The mean of peak torque at flexion and extension
contractions (mean of PT at FEC) was calculated for each velocity to
represent MMS, MSS, and MES, respectively.

2.9.2.2. b isokinetic dynamometer measurement. To maintain consistency,
measurements were conducted by the same examiner following a stan-
dardized protocol described in the manufacturer's manual and suggested
by other studies.31 Before the ergometric test, participants performed
dynamic stretching for 3 min to warm up and prepare muscles. Subjects
were either in an upright position or seated with specific body parts
strapped (chest, quadriceps) depending on the ergometric protocol per-
formed. To ensure correct body positioning on the isokinetic dyna-
mometer, the instructions specified in the manual regarding the specific
symmetric location of anatomical parts (joints; shoulder, lateral epi-
condyle, knee) with the axis of rotation and the lever of the instrument,
were strictly followed. As a familiarization process with the isokinetic



Table 1
Field and laboratory ergometric tests for athletic performance markers evaluation.

Sport/Ergometric
test
Performance
characteristics

Water polo Artistic swimming Volleyball Football Martial art Track and field NCA (exerciser/
physically inactive)

Endurance Swimming
200m freestyle

Swimming 200m
freestyle

20MSR 20MSR 20MSR 20MSR –

Anaerobic power 5 kg medicine ball
above head

5 kg medicine ball
above head

400m run 400m run 400m run 400m run –

Speed Swimming
25m freestyle

Swimming
25m freestyle

Running
100m sprint

Running
100m
sprint

Running 100m
sprint

Running 100m
sprint

–

Accuracy Scoring goala,b “Thrust” testa,b Targeted serving
over the neta,b

Scoring
goala,b

Kicking dummy
at key locationsb

Overhead medicine
ball throw testa,b

–

MMSc dIsokinetic shoulder
evaluation 60 ⁰/s

eIsokinetic shoulder
evaluation 60 ⁰/s

fIsokinetic shoulder
evaluation 60 ⁰/s

g Isokinetic knee evaluation 60 ⁰/s Isokinetic gknee and
dshoulder evaluation 60
⁰/s

MSSc dIsokinetic shoulder
evaluation 180 ⁰/s

eIsokinetic shoulder
evaluation 180 ⁰/s

fIsokinetic shoulder
evaluation 180⁰/s

g Isokinetic knee evaluation 180 ⁰/s Isokinetic gknee and
dshoulder evaluation
180 ⁰/s

MESc dIsokinetic shoulder
evaluation 300 ⁰/s

eIsokinetic shoulder
evaluation 300 ⁰/s

fIsokinetic shoulder
evaluation 300 ⁰/s

gIsokinetic knee evaluation 300 ⁰/s Isokinetic gknee and
dshoulder evaluation
300 ⁰/s

Note.
protocols. y

Abbreviations: NCA: non-competitive athletes; 20MSR: 20-m shuttle run test; MMS: muscle maximal strength; MSS: muscle speed strength; MES: muscle explosive
strength; Con: concentric; kg: kilogram; m: meter.

a From a distance of 6m.
b completed 6 attempts.
c Evaluated with isokinetic dynamometer Biodex system 3 pro.
d Shoulder external/internal rotation/(90 degrees of abduction) (40�

–45� away, 55� toward) (protocol: isokinetic unilateral Con/Con: test 60/60,180/180,300/300).
e Shoulder pattern: external/internal rotation/(modified neutral) (50� away, 90� toward) (protocol: isokinetic bilateral 180/180,300/300 contraction: Con/Con).
f Shoulder diagonal standing isokinetic unilateral external/internal rotation 90� abduction Con/Con: test 60/60,180/180,300/300.
g Knee extension/ flexion (away 0�, toward 135�), protocol: isokinetic unilateral extension/flexion Con/Con: test 60/60,180/180,300/300.
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dynamometer and as a special warm-up, participants performed 3 sub-
maximal EC and FC before each set, under the examiner's guidance.
Throughout the ergometric test, participants were verbally encouraged to
perform with maximal effort. A 90-s resting time between the three sets
was implemented to avoid fatigue, allowing for greater force generation
and sufficient preparation for the next set.

2.10. Genotyping analysis

For DNA analysis, buccal swabs were initially collected during
recruitment at the athletic facilities, and genomic DNA (gDNA) was
extracted using the Buccal-Prep Plus DNA isolation kit.32 Additionally,
blood samples were collected from a subset of individuals during their
lab visits, with gDNA extracted from these samples using the iPrep™
PureLink™ gDNA isolation kit (Invitrogen Ltd, Invitrogen Corp, USA).33

DNA samples were genotyped using the following arrays: 1) Illumina
GSA BeadChip MD v3,34 2) Illumina HumanOmniExpress BeadChips
(Illumina, San Diego, USA),34 3) the Affymetrix Axiom PMDA chip,35 and
4) Infinium CoreExome-24 BeadChip, Illumina genome-wide SNP
array.36

2.11. Statistical analysis

The statistical processing of data was performed using IBM SPSS
Statistics v21.0, as well as the R statistical package.32–34 Variables dis-
tribution was evaluated using the Kolmogorov-Smirnov test and the
Chi-Square Goodness-of-Fit Test. Differences in variables among the
groups were assessed using the independent samples t-test and ANOVA
for the normally distributed variables and the Mann–Whitney U test and
Kruskal–Wallis test for the non-normally distributed variables. Normally
distributed data are presented as means � standard deviation (SD) and
non-normally distributed data as median (Med) and interquartile ranges
(IQR). For qualitative variables, relative frequencies are shown. Pearson
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correlations analysis was used to examine the correlation of MSP with
body composition and anthropometric measurements by sex, age, and
fitness status. The level of statistical significance was set at α ¼ 0.05. To
develop the optimal regression models for MSP, predictive variables
identified in the literature—such as age, BM, height, FFM, BF, body mass
index (BMI), body extremity evaluated (knee/shoulder), training load,
PAL, injury history, recovery time from injury, and number of injur-
ies—were examined for their relationship with the dependent variables
MMS, MSS, and MES using simple linear regression with the entry
method. Identified significant explanatory variables (p-value [p] < 0.05)
after testing for correlations among them, were further included in
multiple regression analysis. The final predictive models were created
using the enter method, eliminating variables that didn't contribute to
optimal outcomes. For non-normally distributed independent variables, a
decimal logarithm transformation was implemented to meet the
assumption of constant, and the values of coefficients were expo-
nentiated to facilitate interpretation. Bonferroni correction was applied
to the final models p by dividing them by four.

3. Results

BMI for adults was calculated according to International Obesity Task
Force (IOTF) recommendations and classified into the following cate-
gories: underweight (< 18.49 kg/m2), normal weight (18.5–24.99 kg/
m2), overweight (25–29.99 kg/m2), and with obesity (� 30 kg/m2). For
teenagers, the z-score body mass index (zBMI) was calculated based on
World Health Organization (WHO) growth standards and classified as
follows: underweight (< -2), healthy weight (�2 to 1), overweight (> 1),
obesity (> 2), and severe obesity (> 3). To examine the effect of devel-
opmental stage (puberty and adulthood) on MSP, participants were
categorized into two age groups: teenagers (< 18 years) and adults (� 18
years).
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3.1. Participants descriptives

As shown in Table 2, teenage female CA compared to their male
counterparts presented lower values of zBMI (0.62 vs 0.99, p ¼ 0.006),
FFM (40.87 vs 54.59, p< 0.001), MUAC (25.53 vs 29.52, p< 0.001), WC
(68.18 vs 77.90, p < 0.001), HC (92.20 vs 96.80, p ¼ 0.003), and WHR
(waist-to-hip ratio) (0.74 vs 0.81, p < 0.001). Detailed subsample de-
scriptives are provided in Appendix Table A1.

Moreover, adult females, had lower values for BMI (22.55 vs 24.60, p
¼ 0.002), FFM% (72.71 vs 85.02, p < 0.001), TBW (33.30 vs 47.75), WC
(74.40 vs 83.70, p < 0.001), WHR (0.74 vs 0.83, p < 0.001), MUAC
(29.00 vs 32.73, p< 0.001), but higher BF% (27.26 vs 15.03, p< 0.001),
compared to adult males (Table 3).

Comparing participants by fitness status, CA exhibited lower BMI
(23.10 vs 25.42, p < 0.001), BF (15.70 vs 25.80, p < 0.001), and VAT
(2.28 vs 6.00, p < 0.001) compared to PI. CA also had higher FFM and
training load than both exercisers (82.78 vs 80.06, p< 0.001; 4 430.00 vs
1 255.00, p < 0.001) and PI (82.78 vs 73.78, p < 0.001; 4 430.00 vs
225.50, p < 0.001). Additionally, exercisers had higher FFM (80.06 vs
73.78, p < 0.05) and training load (1 255.00 vs 225.50, p < 0.05)
compared to PI. Detailed subsample descriptives for adult participants
are provided in Appendix Table A2.
Table 2
Anthropometric measurements, body composition, and training load of teenage
competitive athletes, by sex.

Variables Total Female Male

N Mean �
SD

n Mean �
SD

n Mean �
SD

pa

Sex 97 100% 30 30.9% 67 69.1%
Age (y) 97 14.90 �

1.43
30 14.47 �

1.55
67 15.11 �

1.34
NS

Height (m) 97 1.70 �
0.09

30 1.62 �
0.06

67 1.73 �
0.07

<

0.001
BM (kg) 97 64.52 �

11.61
30 54.25 �

8.40
67 69.12 �

9.78
<

0.001
zBMI (kg/m2) 97 0.87 �

0.62
30 0.62 �

0.69
67 0.99 �

0.56
0.006

MUAC (cm) 96 28.28 �
3.14

30 25.53 �
2.41

66 29.52 �
2.60

<

0.001
WC (cm) 96 74.86 �

6.94
30 68.18 �

5.31
66 77.90 �

5.28
<

0.001
HC (cm) 96 95.36 �

7.21
30 92.20 �

7.81
66 96.80 �

6.49
0.003

WHR 96 0.79 �
0.05

30 0.74 �
0.06

66 0.81 �
0.03

<

0.001
BF (kg) 95 12.70 �

5.00
29 13.37 �

3.71
66 12.36 �

5.53
NS

FFM (kg) 87 50.02 �
9.62

29 40.87 �
5.47

58 54.59 �
7.80

<

0.001
TBW (kg) 31 30.7

(6.1)b
28 29.95 �

4.07
3 47.93 �

7.40
<

0.001
Training load
(MET-min/
week) a

97 10
800.00 (3
750)b

30 4 860.00
(2 948)b

67 10
800.00
(0.01)b

<

0.001

Note.
Total volume, intensity and type of physical activity during training and/or
competition spent per week. WHR were calculated as follows: WHR ¼WC (cm)/
HC (cm).
Abbreviations: p: p-value; N: Total sample size; n: number of participants; Ns:
non-significant (p> 0.05); IQR: Interquartile Range; SD: Standard Deviation; BM:
body mass; zBMI: z-score body mass index; FFM: fat-free mass; BF: body fat; TBW:
total body water; WC: waist circumference; HC: hip circumference; WHR: waist-
to-hip ratio; MUAC: mid-upper arm circumference; cm: centimeter; y: year; m:
meter: kg: kilogram; МЕΤ-min/week: total metabolic equivalent of task, calcu-
lated as minutes per week.

a p of Mann-Whitney U test or independent samples t-test.
b Variables not following a normal distribution are presented as median (IQR);

The significance level is set at p < 0.05.
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3.2. Body composition, anthropometric measurements, and muscle strength
performance

The correlation of MSP with body composition and anthropometric
measurements was tested for adults (Fig. 2A), adult females Fig. А1a,
adult males Fig. A1b, adult female CA (Fig. 2B), adult male CA (Fig. 2C),
teenagers (Fig. 2D), teenage female CA (Fig. 2E), and teenage male CA
(Fig. 2F). The correlation map figures (Fig. 2A–F, 2Aa, b) visually depict
the relationships between MUAC, WC, HC, WHR, height, age, BMI, TBW,
FFM, BF, and VAT with MMS, MSS, MES at EC, FC, and mean PT at FEC
across these groups.

3.3. Sex and athletic performance

Examining athletes' AP capability, by sex (Table 4), female CA out-
performed males in accuracy (3.00 vs 0.33, p < 0.001). Male CA out-
performed females in MMS (71.25 vs 64.89, p ¼ 0.009), MSS (63.65 vs
34.30, p < 0.001), MES (51.35 vs 34.25, p < 0.001), anaerobic power
(35.01 vs 23.16, p < 0.001), speed (14.14 vs 16.24, p < 0.001), and
endurance performance (14.85 vs 17.00, p < 0.001).

3.4. Age, sex, and muscle strength performance

As presented in Table 5, teenage females outperform teenage males in
MMS (all p < 0.001), contrarily among adults, males outperformed fe-
males in MMS (all p < 0.001). Teenage and adult males outperformed
their female counterparts at MSS and MES (all p < 0.001).

3.5. Fitness status and muscle strength performance

As depicted in Fig. 3A–C, female CA, and male CA outperformed their
counterpart exercisers and PI in MMS, MSS, and MES (all p< 0.05). Male
exercisers outperformedmale PI in MMS at FC and themean of PT at FEC,
in MSS at FC, and in MES at the mean of PT at FEC (all p< 0.05) (see also
Table S1).

3.6. Injury history and muscle strength performance

The effect of injury history on MSP was examined by age and fitness
status. Statistically significant differences between groups were found
only for adult CA (see Table S2). As depicted in Fig. 4, CA with injury
history compared to those without, exhibited higher MMS (Fig. 4A and
B), MSS (Fig. 4C and D), andMES (Fig. 4E and F) but only at EC and mean
of PT at FEC (all p< 0.05). Regarding adult CA injuries, Fig. S1A presents
the frequency of injury nature, while Fig. S1Aa-c illustrates their severity.
Further details on injury history frequency by age, sex, and fitness status
are provided in Table S3.

3.7. Gender-specific regression models for muscle maximal, speed, and
explosive strength

Sex-specific multiple regression models were developed to assess
MMS, MSS, and MES during both EC and FC of major upper and lower
body muscle groups. Table 6 shows the proportion of variation explained
by the adjusted R-squared (R2

adj) for MMS, MSS, and MES at EC, FC, and
the mean PT at FEC for females and males. The following equation (Eq.
(3)) can be used to estimate MSP for each muscle type and contraction in
both sexes, using the corresponding β-values and intercepts from Table 6,
along with individual age (years), FFM (kg), body extremity (evaluated
shoulder or knee), and training load (MET-min/week):

(3): Regression equation for MMS, MSS, and MES estimation:

Muscle strength¼ interceptþ Age� βAge þ FFM� βFFM þ Body extremity�
βBody extremity þ Training load � βTraining load

Muscle strength: For different types of muscle strength and



Table 3
Anthropometric measurements, body composition, and training load of adult participants, by sex and fitness status.

Variables Total Female Male Competitive athlete Exerciser Physically inactive

N Med (IQR) n Med (IQR) n Med (IQR) pa n Med (IQR) n Med (IQR) n Med (IQR) pc

Age (y) 142 27.69
(16.00)

62 28.80
(16.50)

80 27.00
(14.60)

NS 79 21.43
(9.40)¥̂

19 29.15
(6.10)$¥

44 38.10
(19.30)$̂

<

0.001
Height (m) 142 1.75 (0.14) 62 1.65 (0.12) 80 1.78 (0.07) <

0.001
79 1.77 (0.13)$ 19 1.70 (0.14) 44 1.68 (0.15)$ 0.006

BM (kg) 142 71.91 �
12.08b

62 62.45
(12.20)

80 75.65
(11.30)

<

0.001
79 70.70

(12.40)
19 73.20 (23.70) 44 74.75

(19.30)
NS

BMI (kg/m2) 142 24.05 �
3.05b

62 22.55
(5.40)

80 24.60
(3.40)

0.002 79 23.10 �
2.84b¥

19 24.82 �
2.49b

44 25.42 �
3.07b¥

<

0.001
FFM (%) 141 79.61 �

9.70b
62 72.71 �

7.66b
79 85.02 �

7.44b
<

0.001
78 82.78 �

9.08b̂
19 80.06 �

8.44b$
44 73.78 �

8.68b$̂
<

0.001
BF (%) 141 20.37 �

9.47b
62 27.26 �

7.66b
80 15.03 �

6.97b
<

0.001
79 15.70 (8.96)^ 19 18.80 (11.70) 44 25.80

(13.30)^
<

0.001
MUAC (cm) 135 31.10 �

3.43b
59 29.00 �

2.99b
76 32.73 �

2.82b
<

0.001
77 30.31

(4.90)$#
19 33.40 (6.00)# 43 32.45

(4.70)$
0.007

WC (cm) 137 80.74 �
9.08b

60 74.40
(8.10)

77 83.70
(10.10)

<

0.001
78 77.90

(8.10)$
16 84.10 (17.2) 43 86.50

(14.40)$
0.001

HC (cm) 136 100.35
(7.70)

60 100.80
(8.80)

76 100.05
(7.20)

NS 78 99.07 �
6.36b¥

16 102.20 �
4.22b

43 103.95 �
7.33b¥

<

0.001
WHR 136 0.80 �

0.07b
60 0.74 (0.06) 76 0.83 (0.06) <

0.001
78 0.80 (0.08) 16 0.82 (0.14) 43 0.81 (0.13) NS

TBW (kg) 136 42.60
(14.70)

60 33.30
(4.50)

76 47.75
(4.30)

<

0.001
74 44.45

(12.80)
18 43.95 (16.00) 44 35.55

(16.40)
NS

VAT 135 2.0 (5.00) 59 2.00 (4.00) 76 2.00 (3.95) NS 72 2.28 �
2.60b̂$

19 3.00 (5.00)$ 44 6.00 (6.00)^ <

0.001
dTraining load
(MET-min/
week)

142 2 220.00 (3
872.00)

62 2 160.00 (2
768.00)

80 3 600.00 (3
834.00)

0.011 79 4 430.00 (1
750.00)¥̂

19 1 255.00 (1
200.00)¥$

44 225.50
(558.00)$̂

<

0.001

Note.
Abbreviations: p: p-value; N: total sample size; n: number of participants; Ns: non-significant (p> 0.05);Med: median; IQR: Interquartile Range; SD: Standard Deviation;
BM: body mass; BMI: body mass index; FFM (%): percentage of body mass that is fat-free; BF(%): Percentage of the body mass that is fat; TBW: total body water; VАΤ:
visceral adipose tissue; WC: waist circumference; HC: hip circumference; WHR: waist-to-hip ratio; MUAC: mid-upper arm circumference; МЕΤ-min/week: total
metabolic equivalent of task, calculated as minutes per week; cm: centimeter; y: year; m: meter: kg: kilogram.

a p of Mann-Whitney U test or independent samples t-test.
b Variables follow the normal distribution are presented as mean � SD.
c p of Kruskal–Wallis or ANOVA test; Significant relationships between groups are indicated as: ,̂¥: for p< 0.001 and as: $,# for p< 0.05; The significance level is set at p

< 0.05.
d Total volume, intensity and type of physical activity during training and/or competition spent per week. WHR and BMI were calculated as follows: WHR¼WC (cm)/

HC (cm); BMI (kg/m2) ¼ BM (kg)/Height2 (m2).
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contraction, replace 'Muscle strength' with the appropriate specific term
(e.g., MMS, MSS, or MES at FC, EC, or mean of FEC).

Body Extremity: Replace "Body extremity" with 1 when evaluating the
shoulder, or 2 when evaluating the knee.

Example Eq. 3.
For MMS at FC for females:

MMS at FC¼ 0:05þ ðAge� � 1:03Þ þ ðFFM� 1:02Þ
þ ðBody extremity� 3:72Þ þ ðTraining load� 1:04Þ

4. Discussion

4.1. Body composition, anthropometric measurements, and muscle strength
performance

Participants categorized as CA exhibited more favorable body
composition measurements compared to exercisers and PI, highlighting
the benefits of higher PAL and regular exercise on body composition and
overall health.37,38 When examining the correlation of MSP with body
composition and anthropometric measurements, various correlation
patterns were observed across groups, highlighting the influence of age,
sex, and PA on these variables.39–42 In detail, TBW, which constitutes
approximately 75% of muscle mass showed a positive correlation with
MSP, with a 3%–4% reduction in TBW potentially leading to a 2%
decrease in MSP.43 FFM, an independent predictor of muscle strength
and essential for force generation,4 demonstrated a positive correlation
with MSP, aligning with evidence that higher FFM is associated with
85
increased MSP.5 MUAC, which is used as a marker of upper body muscle
mass, hand grip strength, and nutritional status, was also positively
correlated with MSP in both teenage and adult group.44 Regarding the
correlation between body composition and anthropometric measure-
ments, FFM showed a positive association withMUAC in teenagers, likely
attributable to their higher fitness levels as CA and their developmental
stage (puberty), which promotes increases in both FFM and MUAC.44,45

Further, the positive correlation between height and MSP in both age
groups is likely due to taller individuals having larger extremities and
bones, which may offer improved leverage for muscle development,
thereby contributing to greater MSP.4,19,46

Concerning the relationship between age and MSP across age groups,
a positive correlation was observed in teenagers, likely attributed to
developmental factors, hormonal surges, and neuromuscular enhance-
ments characteristic of this growth phase.47 Conversely, the inverse
correlation between age and MSP in adults is likely due to age-related
declines in muscle mass, neuromuscular function, and hormonal
levels.5,10,48

Examining adiposity-related metrics, BF consistently showed an in-
verse correlation with MSP across groups. VAT also exhibited an inverse
correlation with MSP in adults. In contrast, BMI, WC, HC, and WHR
demonstrated varying correlation patterns depending on participants'
demographics and fitness levels. In general, higher adiposity levels are
associated with lower MSP and reduced overall performance, likely due
to hormonal imbalances and metabolic dysfunction.39,45–47 Specifically,
visceral adipose tissue releases adipocytokines and cytokines, which
disrupt hormonal balance and promote inflammation,49 leading to



Fig. 2. Visual representation of muscle strength performance correlation coefficients with body composition and anthropometric measurements. Subfigures: Fig. 2A:
correlation for total adult sample; Fig. 2B: correlation for adult female CA; Fig. 2C: correlation for adult male CA; Fig. 2D: correlation for teenagers; Fig. 2E: Correlation
for teenage female CA; Fig. 2F: Correlation for teenage male CA; Statistical significance: p are represented by a dot: ��: p < 0.001; �: p < 0.05; The significance level is
set at p < 0.05; Blue color: positive correlation; Red color: negative correlation; Purple color: weak or no relationship; The intensity of the color represents the strength
of the correlation, with darker shades indicating stronger correlations; The proportion of the disk filled with color indicates the strength of the correlation (1 or �1).
The Pearson correlation coefficients (r) were classified as minor (0.00–0.09), small (0.10–0.29), moderate (0.30–0.49), large (0.50–0.69), very large (0.70–0.89),
almost perfect (0.90–0.99), and perfect (1.0); Abbreviations: p: p-value; MMS: muscle maximal strength; MSS: muscle speed strength; MES: muscle explosive strength;
FC: flexion contraction; EC: extension contraction; FEC: flexion and extension contraction; Mean MMS: mean of PT at FEC for MMS; Mean MSS: mean of PT at FEC for
MSS; Mean MES: mean of PT at FEC for MES; PT: Peak Torque; BMI: body mass index; zBMI: z-score body mass index FFM: fat-free mass; FFM (%): Percentage of body
mass that is fat-free; BF (%): Percentage of the body mass that is fat; TBW: total body water; VАΤ: visceral adipose tissue; WC: waist circumference; HC: hip
circumference; WHR: waist-to-hip ratio; MUAC: mid-upper arm circumference.
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increased muscle catabolism and reduced levels of anti-inflammatory
adiponectin—crucial for muscle glucose metabolism. Chronic
low-grade inflammation may further induce insulin resistance, impair
protein synthesis, and negatively affect muscle function.49,50

Specifically, concerning the relationship of BMI with MSP across two
age groups, a positive correlation was found between zBMI and MSP in
teenage CA. Similarly, Casanova et al. reported a correlation between
horizontal and vertical jumps in young male Portuguese futsal players;
however, their findings were negative, possibly due to different mecha-
nisms underlying these performance markers.51 In adults, no correlation
between BMI and MSP was found, consistent with the findings of
Danneskiold-Samsøe et al.46 This suggests that BMI may not be a reliable
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indicator of MSP in non-obese and metabolically healthy adults,10 as well
as for exercisers and CA who typically have higher FFM.52 BMI primarily
reflects weight categories and does not account for body composition,
limiting its utility in assessing muscle strength.53

Focusing on circumferences, WC was correlated with MSP only in
males. Specifically, in adults, WC showed a negative correlation with
MSP, consistent with Lockie et al.'s findings of a similar negative corre-
lation betweenWC and fitness performance in male adults.18 Conversely,
in teenagers, WC and HCwere positively correlated withMSP, both when
analyzing the combined sample and when examining each sex separately.
This positive correlation may be attributed individually or synergistically
to training- and growth-related increases in core and hip skeletal muscle,



Table 4
Athletic performance capability of competitive athletes, by sex.

Variables Total Female Male

N Med
(IQR)

n Med
(IQR)

n Med
(IQR)

pg

MMS (PT,
N⋅m)d,a

212 69.83
(97.31)

65 64.89
(54.98)

147 71.25
(119.80)

0.009

MSS (PT,
N⋅m)e,a

238 50.40
(60.16)

91 34.30
(38.85)

147 63.65
(74.95)

<

0.001
MES (PT,
N⋅m)f,a

214 45.77
(35.94)

91 34.25
(40.10)

123 51.35
(39.35)

<

0.001
Anaerobic
power (s)a

121 45.14
(36.28)

37 23.16
(37.71)

84 35.01
(32.78)

<

0.001
Speed (s)b 122 14.79 �

1.77h
38 16.24 �

1.71h
84 14.14 �

1.37h
<

0.001
Accuracy
(scores)b

118 0.50 (3) 34 3.00
(2.00)

84 0.33 (1) <

0.001
Endurance
(s)a

121 15.34
(3.83)

37 17.00
(7.08)

84 14.85
(7.86)

<

0.001
Training load
(MET-min/
week)a,c

239 4
430.00
(8 979)

92 2
730.00
(4 133)

147 5 280.00
(7 920)

<

0.001

PALa 144 2.08
(0.92)

73 2.30
(0.86)

71 1.93
(0.94)

0.002

Note.
Abbreviations: p: p-value; N: Total sample size; n: number of participants; Med:
median; IQR: Interquartile Range; SD: Standard Deviation; FEC: flexion and
extension contraction; МЕΤ: metabolic equivalent; PAL: physical activity levels;
MMS: muscle maximal strength; MSS: muscle speed strength; MES: muscle
explosive strength; s: second; PT: Peak Torque; N⋅m: Newton-meter; МЕΤ-min/
week: total metabolic equivalent of task, calculated as minutes per week.

a The highest value shows a greater performance.
b The lower value shows a greater performance.
c Total volume, intensity, and type of physical activity during training and/or

competition spent per week.
d MMS is presented as the mean of PT at FEC.
e MSS is presented as the mean of PT at FEC.
f MES is presented as the mean of PT at FEC.
g p of Mann-Whitney U or independent samples t-test.
h Variables following the normal distribution are presented as mean � SD; The

significance level is set at p < 0.05.
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as well as reduced BF due to their athletic status.54 Similarly, Liu et al.
reported a positive correlation betweenWC and AP (VO2max) in children
and teenagers.55 Regarding WHR, a correlation with MSP was observed
in the combined sample of males and females, but when analyzed by sex,
a negative correlation was found only in adult males and adult male CA.
Castillo et al. similarly reported sex-specific differences, noting that MSP
decreased in males in both high and low WHR categories, while in
Table 5
Muscle strength performance, by age and sex.

Variables Teenager

Total Female Male

N Med (IQR) n Med (IQR) n Med (I

MMS at FC (PT, N⋅m) 212 69.00 (120.30) 7 137.50 (51.00) 67 39.20
MMS at EC (PT, N⋅m) 212 66.65 (62.80) 7 87.91 � 29.04b 67 56.23
Mean MMS (PT, N⋅m) 212 69.82 (97.31) 7 113.20 (42.25) 67 43.40
MSS at FC (PT, N⋅m) 238 52.70 (74.40) 30 16.20 (21.1) 67 33.70
MSS at EC (PT, N⋅m) 238 49.40 (35.13) 30 18.00 (20.00) 67 46.00
Mean MSS (PT, N⋅m) 238 50.40 (60.16) 30 17.17 (18.88) 67 42.15
MES at FC (PT, N⋅m) 214 51.67 (29.18) 30 17.20 (25.0) 65 35.10
MES at EC (PT, N⋅m) 214 43.55 (39.30) 30 19.05 (19.20) 65 44.00
Mean MES (PT, N⋅m) 214 45.77 (35.94) 30 17.33 (20.04) 65 39.80

Note.
Abbreviations: MMS: muscle maximal strength; MSS: muscle speed strength; MES: mus
of PT at FEC for MSS; Mean MES: mean of PT at FEC for MES; p: p-value; N: total sam
Standard Deviation; FC: flexion contraction; EC: extension contraction; FEC: flexion a

a p of Mann-Whitney U test or independent samples t-test.
b Variables following the normal distribution are presented as mean � SD. The sig

87
females, MSP was inversely correlated with WHR across all categories.56

The different correlation patterns observed between adiposity-related
indices and MSP across sex groups may stem from differences in body fat
distribution between males and females.18,56 Specifically, females typi-
cally have higher body fat, which is predominantly distributed in the hips
and thighs, while males with the same BMI often accumulate body fat in
the trunk, particularly the abdomen.57 Consequently, these differences in
body fat distribution likely explain the correlation patterns observed, as
female participants in this study exhibited higher BF and lower WC
across all fitness groups than their male counterparts.

Additionally, variations in muscle strength types and contraction
forms could influence the correlation between MSP and body circum-
ferences (HC, WC, WHR), as inconsistent patterns have been observed
across different age, sex, and fitness groups. Specifically, adult males and
teenage male CA exhibited correlations across all muscle strength types,
whereas adult male CA showed inconsistent correlations. Conversely, no
correlations were found between MSP and HC, WC, or WHR measure-
ments in adult female CA. On the other hand, for teenage female CA, no
correlation was observed for MMS, while inconsistent correlations were
noted between the measurements and both MSS and MES. These varia-
tions in correlation patterns across age, sex, and fitness levels may be
attributed to dynamic changes in hormonal levels, muscle mass, and body
adiposity during puberty, as well as differences in athletic training,
muscle activation, and fiber recruitment strategies.32,48,58,54,19
4.2. Sex and athletic performance

Among CA participants in this study, males and females excel in
distinct areas, highlighting sex-based differences in AP markers.59,60

Typically, sex-related characteristics such as hydrodynamics, fatigue
resistance, and fat oxidation benefit females in long-duration activities
like ultramarathons and ultra-swimming.60,61 In contrast, males gener-
ally exhibit greater aerobic and anaerobic capacities, muscle mass, and
cardiovascular efficiency.59,60,61 Consistent with these trends, male CA
participants demonstrate superior performance in anaerobic power,
muscle strength, speed, and endurance compared to their female
counterparts.

Interestingly, female CA participants outperformed males in accu-
racy, a crucial skill in precision-based sports assessed through precision
shooting or targeting tasks.62,63 Accuracy, governed by the center of
perception cognition (CPC), relies on the perceptual-motor connec-
tion62,63 and can be influenced by factors like motor control,
perception-action cycle, kinematics, experience, age, and sex.60–62

Studies suggest that elite female athletes often use different neuromus-
cular recruitment strategies than their male counterparts, which provides
Adult

Female Male

QR) pa n Med (IQR) n Med (IQR) pa

(24.60) < 0.001 58 63.40 (87.20) 80 170.05 (98.80) < 0.001
� 24.92b 0.002 58 54.25 (58.10) 80 123.30 (61.30) < 0.001
(22.70) < 0.001 58 58.75 (65.60) 80 150.00 (67.36) < 0.001
(19.70) < 0.001 61 53.21 � 27.38b 80 118.73 � 43.05b < 0.001
(27.70) < 0.001 61 39.45 � 22.44b 80 84.22 � 36.80b < 0.001
(22.25) < 0.001 61 46.33 � 23.17b 80 101.47 � 37.16b < 0.001
(14.10) < 0.001 61 48.48 � 18.79b 58 84.66 � 24.53b < 0.001
(28.50) < 0.001 61 39.29 � 22.33b 58 64.68 � 29.09b < 0.001
(19.90) < 0.001 61 40.05 (32.35) 58 77.30 (25.06) < 0.001

cle explosive strength; Mean MMS: mean of PT at FEC for MMS; Mean MSS: mean
ple size; n: number of participants; Med: median; IQR: Interquartile Range; SD:
nd extension contraction; PT: Peak Torque; N⋅m: Newton-meter.

nificance level is set at p < 0.05.



Fig. 3. Box plot depicting muscle strength performance by fitness status in adults. Participants classification: The x-axis represents fitness status, and the y-axis shows
different types of muscle strength performance measurements. Females are represented in white, and males in gray. Statistical tests: The statistically significant re-
lationships between groups were assessed using ANOVA and the Kruskal–Wallis test. Statistical significance: The significance level is set at p < 0.05. For females,
significant relationships between groups are indicated as ** for p < 0.001 and as * for p < 0.05. For males, significant relationships between groups are indicated as^̂
and ¥ for p < 0.001, and as^and *** for p < 0.05. Abbreviations: p: p-value; FEC: flexion and extension contraction; PT: Peak Torque; N⋅m: Newton-meter.
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them with advantages in perceptual speed, accuracy, and fine motor
skills, supporting our findings.20,64
4.3. Age, sex, fitness level, and muscle strength performance

It is generally expected that males exhibit greater MSP than females
due to factors such as enhanced neuromuscular activation, and higher
testosterone levels that promote skeletal muscle strength.6,40,59,55,64–67

Additionally, males typically exhibit a more advantageous distribution of
muscle mass, showing 25%–40% more FFM, primarily concentrated in
the upper body, compared to females.59,46,66 Consistent with these fac-
tors, both teenage and adult male participants in this study demonstrated
higher FFM and MSP compared to their female counterparts. An excep-
tion was observed in teenage female CA, who outperformed their male
counterparts in MMS. This finding may be attributed to the small sample
size of teenage female CA and the relatively minor hormonal impact on
muscle mass growth between sexes during puberty, which could
contribute to inconsistent results regarding sex-related performance
differences.16,68
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Among fitness groups, both female and male CA outperformed exer-
cisers and PI, as anticipated, given that CA typically engage in higher
training load—including resistance training—that leads to muscle hy-
pertrophy and increased muscle fiber recruitment,1,6 resulting in greater
MSP.4,5 Additionally, the observation that exercisers generally outper-
form PI in MSP was more pronounced among males. This may be because
females often participate in a broader range of less specialized exercises,
whereas males typically engage in more intense activities, including
resistance training, which results in more favorable MSP outcomes.4,5,69
4.4. Injury history and muscle strength performance

Injuries to ligaments, muscles, and tendons typically reduce force
production during dynamic movements, with the extent of the reduction
depending on the severity of the injury, ultimately leading to decreased
MSP.4,70 Interestingly, in adult CA participants, injury history was
inversely associated with MSP. Contributing factors to this outcome
might include the injuries affecting non-pivotal joints, resistance training
during rehabilitation enhancing connective tissue strength, sufficient



Fig. 4. Graphs depicting the relationship between muscle strength performance and injury history in adults, categorized by fitness status. Participants classification:
The x-axis represents injury history incidents, and the y-axis shows different types of muscle strength performance measurements. Competitive athletes are represented
in gray, exercisers in white, and physically inactive individuals in black. Statistical tests: independent samples t-test and Mann-Whitney U test. Injury history follows
the expected Poisson distribution based on the Chi-Square Goodness-of-Fit Test. Statistical significance: The level of significance is set at p < 0.05. The * denotes
statistically significant relationships between groups. Definition: The self-reported variable injury history is defined as an injury sustained during athletic activities by
contact or non-contact with an object or person, affecting the dominant body extremity assessed with an isokinetic dynamometer. Abbreviations: FEC: flexion and
extension contraction; p: p-value; PT: Peak Torque; N⋅m: Newton-meter.
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time elapsed since the incident, and/or compensatory mechanisms
leading to full recovery.4,9,70

Regarding injury frequency, CA had higher injury rates compared to
exercisers (78.5% vs. 42.1%, χ2¼ 0.012; df¼ 1) and PI (78.5% vs. 38.6%,
χ2 < 0.001; df ¼ 1), as expected given that CA engaged in more intense
PA. Among sex groups, females experienced lower injury incident rates
than males (50.0% vs. 70.0%, χ2 < 0.001; df ¼ 1), likely due to sex-
related differences in physiology, sport type, and risk-taking behav-
iors.70 Across age groups, teenagers reported lower injury rates than
adults, which may be attributed to factors such as incomplete anatomical
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maturation, a higher metabolic rate, and improved rehabilitation capa-
bilities observed during puberty.9

4.5. Gender-specific regression models for muscle maximal, speed, and
explosive strength

The proposed models for the Greek adult population effectively assess
key muscle strength types essential for sport-specific skills. These models
explain a substantial proportion of the variation in MMS, with R2

adj
values ranging from 71.4% to 88.9%, followed by MSS, with R2

adj values



Table 6
Regression models for assessing MMS, MSS, and MES at EC, FC, and mean PT at FEC in adults, stratified by sex.

Predictors MMS (PT, N⋅m) at EC MSS (PT, N⋅m) at EC MES (PT, N⋅m) at EC

Female Male Female Male Female Male

aMod.1a: R2
adj¼ 0.821 aMod.1b: R2

adj¼ 0.806 aMod.1c: R2
adj¼ 0.650 aMod.1d: R2

adj¼ 0.763 aMod.1e: R2
adj¼ 0.611 aMod.1f: R2

adj¼ 0.613

β SE bpadj β SE bpadj β SE bpadj β SE bpadj β SE bpadj β SE bpadj

Intercept �0.46 0.239 0.062 0.18 0.217 0.422 �0.17 0.253 0.504 0.26 0.199 0.193 �0.12 0.180 0.506 0.47 0.263 0.081
Age �1.02 0.002 0.004 �1.01 0.001 0.040 �1.03 0.002 0.004 1.01 0.001 0.188 �1.03 0.003 0.004 �1.00 0.002 2.140
FFM 1.02 0.004 0.004 1.03 0.002 0.004 1.07 0.005 0.004 1.03 0.002 0.004 1.07 0.005 0.004 1.02 0.003 0.068
Body extremity 2.91 0.049 0.004 4.20 0.050 0.004 2.80 0.051 0.004 3.30 0.046 0.004 2.40 0.054 0.004 2.52 0.060 0.004
Training loadc 1.02 0.000 0.004 1.00 0.000 0.004 1.06 0.016 0.664 1.00 0.000 0.004 1.00 0.000 0.512 1.00 0.000 0.004

MMS (PT, N⋅m) at FC MSS (PT, N⋅m) at FC MES (PT, N⋅m) at FC

Female Male Female Male Female Male

aMod.2a: R2
adj¼ 0.889 aMod.2b: R2

adj¼ 0.818 aMod.2c: R2
adj¼ 0.702 aMod.2d: R2

adj¼ 0.700 Mod.2e: R2
adj¼ 0.535 aMod.2f: R2

adj¼ 0.527

β SE bpadj β SE bpadj β SE bpadj β SE bpadj β SE bpadj β SE bpadj

Intercept 0.05 0.208 0.805 0.81 0.186 <0.001 0.46 0.190 0.020 0.97 0.158 <0.001 0.64 0.186 0.001 1.23 0.186 <0.001
Age �1.03 0.003 0.004 1.02 0.001 0.044 �1.02 0.002 0.004 �1.02 0.001 0.014 �1.01 0.002 0.004 �1.01 0.001 0.112
FFM 1.02 0.003 0.064 1.02 0.002 0.004 1.04 0.003 0.004 1.03 0.002 <0.001 1.05 0.003 0.004 1.02 0.002 0.004
Body extremity 3.72 0.028 0.004 2.74 0.043 0.004 2.70 0.038 0.004 1.95 0.036 <0.001 1.78 0.037 0.004 1.39 0.044 0.028
Training loadc 1.04 0.009 <0.001 1.00 0.000 0.156 1.00 0.000 <0.001 1.00 0.000 <0.001 0.99 0.002 1.004 1.00 0.002 0.004

MMS (PT, N⋅m) mean of PT at FEC MSS (PT, N⋅m) mean of PT at FEC MES (PT, N⋅m) mean of PT at FEC

Female Male Female Male Female Male

aMod.3a: R2
adj¼ 0.831 aMod.3b: R2

adj¼ 0.824 aMod.3c: R2
adj¼ 0.742 aMod.3d: R2

adj¼ 0.784 aMod.3e: R2
adj¼ 0.684 aMod.3f: R2

adj¼ 0.596

β SE bpadj β SE bpadj β SE bpadj β SE bpadj β SE bpadj β SE bpadj

Intercept 0.46 0.239 0.062 0.57 0.157 0.001 0.21 0.178 0.024 0.70 0.015 <0.001 0.04 0.144 0.809 0.93 0.194 <0.001
Age �1.02 0.002 0.004 �1.01 0.002 0.002 �1.02 0.002 0.004 �1.01 0.001 0.004 �1.02 0.002 0.004 �1.00 0.001 0.464
FFM 1.03 0.003 0.004 1.01 0.003 <0.001 1.05 0.003 0.004 1.03 0.002 0.004 1.07 0.003 0.004 1.02 0.002 0.012
Body extremity 3.28 0.036 0.004 3.18 0.050 <0.001 2.64 0.035 0.004 2.35 0.034 0.004 1.93 0.037 0.004 1.75 0.044 0.004
Training loadc 1.02 0.000 <0.001 1.00 0.000 0.003 1.00 0.000 3.904 1.00 0.000 0.004 1.00 0.000 3.004 1.00 0.001 0.036

Note.
Multiple linear regression models: Dependent variables: MMS, MSS, MES; Predictive variables: age in years; FFM in kg, body extremity (shoulder/knee), training load in MET-min/week.
Abbreviations: MMS: muscle maximal strength; MSS: muscle speed strength; MES: muscle explosive strength; FC: flexion contraction; EC: extension contraction; FEC: flexion and extension contraction; FFM: fat-free mass;
МЕΤ-min/week: total metabolic equivalent of task, calculated as minutes per week; p: p-value; adj: adjusted; Mod: model; β: β-value; SE: Standard Error; R2

adj: adjusted R-squared; PT: Peak Torque; N⋅m: Newton-meter.
a The p of models is p< 0.001.
b Adjusted significance level for model variables after Bonferroni corrections set at padj< 0.05.
c Training load refers to the total volume, intensity, frequency, and type of physical exercise during training and/or competition spent per week.
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between 64.8% and 78.4%, and MES with R2
adj values from 52.7% to

68.4%. A sex-specific approach was employed in these models to account
for physiological differences between males and females.13,30,46

Furthermore, the study's regression models focused solely on adults to
avoid potential biases related to anatomical differences arising from the
rapid growth experienced by teenagers.48,66

The predictive models for MMS exhibited the highest R2
adj values,

followed by those for MSS and MES. This suggests that the explanatory
variables have a greater contribution to MMS than to MSS and MES. In
addition, participants' PT values were also highest during MMS perfor-
mance, followed by MSS and MES. This pattern may be explained by the
fact that MMS is assessed at lower velocities and relies on extensive
motor unit recruitment, whereas MES is assessed at higher velocities and
depends on the rapid recruitment and synchronization of fast-twitch
motor units.58,71,72 According to Hill's curve, as muscle contraction
speed increases, the produced force decreases.71 Therefore, the differ-
ences in motor unit recruitment patterns and muscle fiber utilization
likely explain why the explanatory variables have a stronger influence on
MMS and a weaker influence on MSS and MES, resulting in the observed
decline in R2

adj and PT values.
Furthermore, the models accounted for a higher proportion of the

variation in MSP for females, with R2
adj values ranging from 53.5% to

88.9%, compared to males, whose models had R2
adj values between

52.7% and 82.4%. Female models also demonstrated higher R2
adj values

for EC, while male models exhibited higher R2
adj values for FC. These

dissimilarities can be attributed to sex-related anatomical differences,
particularly variations in muscle physiology (e.g., muscle fiber compo-
sition), recruitment patterns, and hormonal levels.4,59 When comparing
other proposed models, which focused solely on MMS assessment, Harbo
et al.’s sex-specific model for Danes (aged 15–83 years), also explained a
higher proportion of variation in MMS for females (9%–63%) compared
to males (8%–43%), similar to the findings in our study's models for fe-
males.13 Further, Neder et al.’s gender-combined predictive model
developed for Brazilians (aged 20–80 years) explained up to 84% of the
variation in MMS.12 Regarding Stanelle et al.’s models for Americans
(aged 18–60 years), it accounts for 68%–83% of the variation in MMS.5

Notably, both Harbo et al. and Neder et al. used an isokinetic dyna-
mometer for MSP evaluation,12,13 but Neder et al.’s model included PA as
a predictor, likely contributing to its higher predictability compared to
Harbo et al.’s model, which did not account for FFM or PA. Conversely,
although Stanelle et al. used resistance training equipment to assess
MMS, the inclusion of anthropometric measurements such as FFM may
have led to similarly high predictability, as in the present study.12,13 It is
also important to consider that the models' predictability could also be
influenced by the ethnic diversity of the populations studied.15

Among the variables affecting MSP that were tested for inclusion in
the regression models, the final models incorporated age, FFM, training
load, and body extremity.1,46,58,73 In detail, FFM, a robust predictor of
MSP,4,5 showed a positive linear relationship with MSP across all models.
The variable "body extremity" (shoulder/knee) was a significant
contributor, reflecting how differences in joint morphology and axis
alignment impact biomechanical dynamics and consequently influence
MSP.58 Specifically, the lower body extremity was associated with
greater MSP, possibly due to the involvement of larger muscle groups
during motion, compared to the smaller muscle groups of the upper
body.4,13,58

In terms of the impact of age, it was negatively associated with MSP
for both genders, corroborating the age-related reductions in muscle
mass.12,13,44,46 Interestingly, while this relationship was significant
across all regression models for females, in males, age was not signifi-
cantly related to MSS at EC or MES. This lack of significance could be
partly explained by the fact that, although aging typically leads to a
decline inmuscle mass and strength, specific characteristics of fast-twitch
fibers in males—crucial for explosive movements—might allow them to
maintain functionality better than other muscle fibers as they age.48

Despite age not reaching statistical significance in males, it was still
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retained in the model because it is considered a key determinant of iso-
kinetic and isometric muscle strength throughout life stages among both
females and males.12,13,44,46 Specifically, muscle strength is reported to
peak in early adulthood and decline afterward,13 a trend also observed in
this study, where being a teenager was positively correlated with MSP,
whereas being an adult showed an inverse correlation. Furthermore,
aging significantly impacts muscle strength across different muscle
groups, with noticeable differences between sexes.46 For example, in
males, muscle health declines linearly but at a slower rate than in fe-
males.46 Additionally, regression models that include age have been
shown to explain greater variation in muscle strength for women than for
men, as also observed in the study.13 Including age in the models also
maintains consistency with prior research,5,10,12–14 and helps avoid po-
tential omitted variable bias. Moreover, retaining age allows for the
exploration of potential interaction effects with other predictors, thereby
enhancing the robustness of the analysis.

Training load, which reflects the volume, intensity, and duration of
exercise, is a key factor closely related to muscle mass outcomes and has a
well-established dose-response relationship with MSP.6,19,59,46,66,74,75

The variable's inclusion as a predictor significantly improved explanatory
power, as evidenced by an increase in the R2

adj values. Moreover, the
training load consistently demonstrated a positive linear relationship
across all models, validating its relevance. Despite the unusual standard
error (SE) of zero, the variable maintained consistently significant p, and
the overall improvement in model fit highlighted its influential role in
predicting MSP. Thus, the training load was retained in the model,
emphasizing its importance in the assessment of MSP.

5. Practical application of regression models

AssessingMMS,MSS, andMES at EC and FC in sports could contribute
to more customized, skill-specific training programs and help track MSP
variations during the competitive season. Additionally, in rehabilitation,
these assessments could aid in monitoring and optimizing patient re-
covery by planning tailored strength-building exercises.

6. Strengths

To our knowledge, the ATLAS study is the first to aim for a compre-
hensive investigation of the interactions between AP markers, genetics,
and lifestyle factors in the Greek population. Regarding the present
findings, the proposed models are unique in their ability to assess three
types of muscle strength—MMS, MSS, and MES—at both EC and FC,
specifically developed for the Greek population. Furthermore, the use of
the gold standard method for assessing muscle strength, the isokinetic
dynamometer, along with the models' ability to account for physiological
differences between sexes, enhances measurement accuracy and gender-
specific precision.

7. Limitations

One of the study's limitations is the reliance on self-reported data,
which can be affected by participants' recall ability, social desirability,
and interpretation of their history, potentially leading to inaccuracies. To
address these concerns and mitigate potential biases, participants were
interviewed by trained professionals who provided the necessary guid-
ance and context during the process. In addition, the questionnaires were
cross-checked, and sensitivity analyses were conducted during the sta-
tistical analysis to ensure the robustness of the data.

Furthermore, BIA was used to assess FFM instead of the gold standard
DEXA method, due to the former's increased practicality. Indeed, BIA has
also been validated in numerous studies and is known to provide reliable
estimates of FFM. Moreover, to further minimize any potential discrep-
ancies, rigorous calibration, and consistency checks were conducted
during the measurements, ensuring that the findings remain robust and
accurate.
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Regarding the proposed models' applicability, their use is currently
limited to assessing MSP in healthy adults' knee and shoulder joints.
Before these models can be finalized for practical use, their accuracy
should be validated in a larger, more diverse cohort. Additionally, it is
crucial to investigate their replicability across independent populations,
varying life stages, health statuses, and ethnicities to ensure their
generalizability and robustness.

8. Future aspirations

A future goal of the ATLAS study is to enhance the understanding of
how various factors, such as genetic traits, nutritional status, and other
lifestyle factors, interact to influence AP. Furthermore, the study aims to
develop a polygenic risk score for AP markers assessment, such as MSP,
and evaluate its impact on the predictability of the proposed regression
model.

9. Conclusion

Current findings indicate that demographic factors (age, sex), fitness
levels, body composition, and anthropometric measurements signifi-
cantly impact MSP, highlighting the critical need for personalized
training and rehabilitation programs. The proposed sex-specific regres-
sion models uniquely assess three types of muscle strength—MMS, MSS,
and MES—under both EC and FC. To our knowledge, these models are
the first of their kind developed for the Greek population. By integrating
these MSP assessment models with an individual's body composition and
anthropometric data, rehabilitation, and skill-specific training strategies
can be further personalized and optimized.
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Appendix
Table A1
Body composition, blood pressure, physical activity, and dietary characteristics of teenage competitive athletes, by sex.

Variables Total Female Male
N
 Mean � SD
 n
 Mean � SD
 n
 Mean � SD
 p*
B F (%)
 95
 19.37 � 6.77
 29
 24.10 (6.00)**
 66
 15.90 (10.00)**
 < 0.001

FFM (%)
 87
 77.28 � 6.27
 29
 75.57 � 3.77
 58
 78.13 � 7.09
 NS

FFMI
 87
 17.15 � 1.95
 29
 15.55 � 1.56
 58
 17.94 � 1.60
 < 0.001

BMR (kcal)
 31
 1 434 (206.00)**
 28
 1 424.43 � 134.32
 3
 2 049.00 � 243.62
 < 0.001

EI (kcal/d)
 16
 2 470.78 � 854.45
 12
 2 246.07 � 678.58
 4
 3 819.05 � 429.32
 0.009

DBP (mmHG)
 31
 70.29 � 14.10
 7
 88.14 � 11.83
 24
 65.08 � 9.88
 0.001

SBP (mmHG)
 31
 114.55 � 13.66
 7
 102.33 � 6.93
 24
 118.11 � 13.12
 < 0.001

PAL
 14
 2.33 � 0.91
 12
 2.45 � 0.93
 2
 1.67 � 0.26
 NS
Note.
FFMI is calculated as follows: FFMI ¼ FFM (kg)/Height2 (m2). Abbreviations: p: p-value; N: total sample size; n: number of participants; Ns: non-significant (p > 0.05);
Med: median; SD: Standard Deviation; IQR: Interquartile Range; FFM (%): percentage of the body mass that is fat-free; BF (%) percentage of the body mass that is fat;
BMR: basal metabolic rate; EI: energy intake; DBP: diastolic blood pressure; SBP: systolic blood pressure; PAL: physical activity level; mmHG: millimeter of mercury;
kcal: kilocalories; d: day; kg: kilogram; m:meter; FFMI: fat-free mass index.

* p of Mann-Whitney U test or independent samples t-test.
** Variables not following a normal distribution are presented as medians (IQR); The level of significance is set at p < 0.05.
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Table A2
Body composition, blood pressure, physical activity, and dietary characteristics of adult participants, by sex and fitness status.

Variables Total Female Male Competitive athlete Exerciser Physically inactive
93
N
 Med (IQR)
 n
 Med (IQR)
 n
 Med (IQR)
 p*
 n
 Med (IQR)
 n
 Med (IQR)
 n
 Med (IQR)
 p***
FFM (kg)
 141
 58.60 (20.7)
 62
 45.98 (6.1)
 79
 65.60 (6.20)
 <

0.001

78
 60.75

(17.80)

19
 59.70 (21.80)
 44
 48.60 (22.5)
 <0.001
FFMI
 141
 19.07 (4.17)
 62
 16.67�
1.16**
79
 20.88 �
1.54**
<

0.001

78
 19.21 (4.03)
 19
 20.60 (3.90)
 44
 17.90 (4.65)
 NS
BF (kg)
 141
 14.67 �
7.56**
62
 17.30 (8.3)
 80
 10.35 (10.1)
 <

0.001

79
 10.00 (10.7)^
 19
 14.60 (6.6)
 44
 18.80 (9.9)^
 <0.001
DBP
(mmHG)
136
 88.13 �
11.93**
56
 87.50 (12)
 80
 87.50
(12.00)
NS
 76
 88.74 �
11.21**
18
 85.59 �
17.02**
42
 88.13 �
10.75**
NS
SBP
(mmHG)
136
 115.50 (14.0)
 56
 107.17
(12.00)
80
 118.50
(10.00)
<

0.001

76
 116.79 �

13.64**

18
 116.17

(12.00)

42
 112.83 (15.00)
 NS
BMR (kcal)
 138
 1 731.50
(549.0)
60
 1 384.50
(176)
78
 1 927.50
(218)
<

0.001

75
 1 807.00

(485)$

19
 1766.00

(596.00)

44
 1498.50 (608)$
 0.048
EI (kcal/d)
 94
 2 578.95 �
889.62**
43
 2 261.46 �
729.16
51
 2 846.64 �
930.41
0.001
 43
 2 236.74�
668.26**
16
 2548.05 �
649.03**
35
 2868.99 �
1027.81**
0.006
PAL
 130
 2.08 (0.93)
 61
 2.29 (0.88)
 69
 1.94 (0.96)
 0.004
 68
 2.32 (0.95)¥
 18
 2.24 (2.14)#
 44
 1.78 (0.41)¥#
 <0.001
Note.
FFMI is calculated as follows: FFMI ¼ FFM (kg)/Height2 (m2).
Abbreviations: p: p-value; N: total sample size; n: number of participants; Ns: non-significant (p> 0.05); Med: median; IQR: Interquartile Range; SD: Standard Deviation;
BF: body fat; FFM: fat-free mass; DBP: diastolic blood pressure; SBP: systolic blood pressure; BMR: basal metabolic rate; EI: energy intake; PAL: physical activity level;
mmHG: millimeter of mercury; kcal: kilocalories; d: day; kg: kilogram; m: meter; FFMI: fat-free mass index.

* p of Mann-Whitney U test or independent samples t-test.
** Variables following the normal distribution are presented as mean � SD.
*** p of Kruskal–Wallis or ANOVA test; Significant relationships between groups are indicated as ,̂ ¥ for p< 0.001 and as $,# for p< 0.05; The significance level is set at

p < 0.05.
Figure A1. Visual representation of correlation coefficients of muscle strength performance with body composition and anthropometric measurements. Subfigures:
Fig. A1a: correlation for adult females; Fig. А1b: correlation for adult males; Statistical significance: p are represented by a dot: ��: p < 0.001; �: p < 0.05; The
significance level is set at p < 0.05; Blue color: positive correlation; Red color: negative correlation; Purple color: weak or no relationship; The intensity of the color
represents the strength of the correlation, with darker shades indicating stronger correlations; The proportion of the disk filled with color indicates the strength of the
correlation (1 or �1). The Pearson correlation coefficients (r) were classified as minor (0.00–0.09), small (0.10–0.29), moderate (0.30–0.49), large (0.50–0.69), very
large (0.70–0.89), almost perfect (0.90–0.99), and perfect (1.0); For interpretation of muscle strength, PT in N⋅m is used. Abbreviations: p: p-value; MMS: muscle
maximal strength; MSS: muscle speed strength; MES: muscle explosive strength; FC: flexion contraction; EC: extension contraction; FEC: flexion and extension
contraction; Mean MMS: mean of PT at FEC for MMS; Mean MSS: mean of PT at FEC for MSS; Mean MES: mean of PT at FEC for MES; PT: Peak Torque; N⋅m: Newton-
meter; BF (%): percentage of the body mass that is fat; TBW: total body water; VАΤ: visceral adipose tissue; WC: waist circumference; HC: hip circumference; WHR:
waist-to-hip ratio.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.smhs.2024.11.002.
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